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Right ventricular volume is difficult to measure accu-
rately from one or two views because the complexity of
right ventricular shape invalidates simplifying geometric
assumptions. This article describes a new three-dimen-
sional echocardiographic reconstruction method of right
ventricular volume calculation, and reports the results
of testing this method in vitro using normal animal hearts
and pathologic specimens from infants and children who
died with aortic stenosis or hypoplastic left heart. The
correlation with reference volumes was excellent for both
The complexity of right ventricular shape makes accurate
measurement of right ventricular volume difficult. Volume
calculations from chamber diameter and length are prone to
significant errors, because the shape of the right ventricle
corresponds poorly to simple geometric models. To derive
accurate measures, we must take into account the com-
plexity of right ventricular three-dimensional geometry.
We can accomplish this goal by adapting previously de-
scribed methods for three-dimensional echocardiographic
reconstruction of the left ventricle (l ,2). These methods use
multiple two-dimensional echocardiographic images and
employ a specialized transducer locating system to define
the three-dimensional position and orientation of the echo-
cardiographic transducer at the time each image is acquired.
Because the spatial relation between different scan planes
is measured, the collection of endocardial or epicardial bor-
ders identified in a series of two-dimensional images can be
incorporated into a three-dimensional data set, which is then
processed by a volume calculation algorithm. However,
From the Divisions of Cardiology and Bioengineering, University of
Washington School of Medicine, Seattle, Washington. This work was
supported in part by Grants HL-07278, HL-07403 and HL-16759 from the
National Heart, Lung, and Blood Institute, National Institutes of Health,
Bethesda, Maryland.
Manuscript received September II, 1985; revised manuscript received
February 11, 1986, accepted March 7, 1986.
Address for reprints: Alan S. Pearlman, MD, Division of Cardiology,
Mail Stop RG-22, University of Washington School of Medicine, 1959
N.E. Pacific Street, Seattle, Washington 98195.
©1986 by the American College of Cardiology
groups (r =0.98, n =25 for the animal data; r =0.97,
n = 15 for the human data). Given the calculated echo-
cardiographic volume (Vc), the reference volume (Vr)
was best estimated by the equation Vr = 1.16 Vc for
the animal data and Vr = 0.92 Vc for the human data.
Three-dimensional echocardiographic measurement 01
right ventricular volume is an accurate method that de-
serves further study and application in a clinical setting.
(J Am Coil CardioI1986;8:101-6)
existing three-dimensional volume algorithms are optimized
for the elongated structure of the left ventricle.
We have developed a method that uses multiple, non-
parallel, two-dimensional echocardiographic images of the
right ventricle to generate three-dimensional reconstructions
of this chamber and to calculate right ventricular volume.
The method does not assume that right ventricular geometry
approximates some predetermined shape; rather, it takes into
account the observed shape of the right ventricle in per-
forming the volume calculation. The current study was de-
signed to examine the accuracy and variability of our method.
We chose an in vitro system so that we could use as a
reference standard the volume of the right ventricle deter-
mined by direct measurement of its fluid capacity.
Methods
Specimens. Two groups of heart specimens were used.
The first group consisted of five normal mammalian hearts:
two from calves, two from cows and one from a large dog.
The second group consisted of five human autopsy speci-
mens obtained from infants and children who died with
congenital heart disease. Two of the patients had congenital
aortic stenosis and three had hypoplastic left heart.
All of the specimens were prepared in the same fashion.
Each heart was removed intact, and all openings to the atria
were sewn shut. Next, fittings of appropriate size were sewn
into the aorta and pulmonary artery. These fittings were
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connected to a pressure-fixing apparatus that distended the
hearts at a pressure of 20 cm H20 during the process of
fixation.
After overnight fixation in 10% formalin, the specimens
were removed from the pressure-fixing apparatus. The hu-
man specimens were left intact, whereas the animal spec-
imens were prepared further by removing the atria at the
level of the atrioventricular (AV) groove, and excising the
leaflets of the AV valves. The papillary muscles and ven-
tricular trabeculae were left intact in all specimens .
Data acquisition. All of the hearts were submerged in
a water bath and imaged using a 3 MHz transducer and a
commercial mechanical sector scanner (Mark III, Advanced
Technology Laboratories). The scan head was interfaced to
a custom transducer locating system (2) that was used to
determine the position and orientation of the scan head in
three-dimensional space. The scan head was held just below
the surface of the water in the tank and used to acquire a
series of two-dimensional images through the right ventri-
cle . The locator system defined the spatial position and
orientation of the transducer as the image was acquired. The
operator then digitized a series of discrete points along the
endocardial border of each two-dimensional image of the
right ventricle using a video overlay technique (Fig. I). As
this was done, the transducer locating system automatically
calculated the coordinates in three-dimensional space cor-
responding to each point along the border by using the scan
head position information and location of the point on the
screen. These three-dimensional coordinates were then
transmitted to and stored on a PDP 11134 computer. This
system has been used successfully for measurement of left
ventricular volumes by three-dimensional reconstruction; its
operation has been described elsewhere (2).
The three-dimensional data sets acquired in this manner
consist of a sequence of endocardial border points expressed
in three-dimensional coordinates , and may be used for a
perspective display or volume calculation. Figure 2 illus-
trates displays of one right ventricular data set used in this
study, viewed from perspectives similar to right and left
anterior oblique projections. Double contrast radiographs of
the same heart, in similar projections, are shown for com-
parison. Note that the echocardiographic perspective dis-
plays were generated interactively from the same three-
dimensional data set, and these two views were chosen only
for comparison with the radiographs. The three-dimensional
data set corresponds in shape to the actual heart, as visu-
alized in the radiographs . The "wire-frame" echocardio -
graphic displays demonstrate the right ventricular outflow
tract, apex, tricuspid valve area and septal curvature quite
clearly.
Each three-dimensional right ventricular reconstruction
was derived from a series of approximately 10 nonparallel
two-dimensional echocardiographic images of the right ven-
tricular chamber, which were acquired using various trans-
Figure 1. The monitor on the transducer position lo-
cating system, showing the right and left ventricles of
one of the calf hearts in a short-axis orientation . A
series of right ventricular border points have been dig-
itized by the operator (the points have been highlighted
for better reproduction). This is one of a set of different
borders used to define the dimensions of the right ven-
tricle in three dimensions and calculate its volume .
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Figure 2. Perspective wire-frame representation of a three-di-
mensional echocardiographic data set (top) and double contrast
radiographs (bottom) of the same calf heart. The left panels are
in an orientation corresponding to a right anterioroblique projec-
tion, whereas the right panelsare similarto a left anterior oblique
projection. The three-dimensional echocardiographic orientations
are chosen by the operator at the time of display and are inde-
pendent of the orientation of the scan planes at the time of the
data acquisition.
ducer positions and orientations that were chosen only to
image the right ventricle thoroughly . Hence, each data set
consisted of about 10 two-dimensional endocardial borders
displayed in proper spatial registration. Five such data sets
were collected independently for each animal heart, and
three such sets were acquired for each human heart. A
separate volume calculation was performed for every in-
dividual data set.
Echocardiographic volume calculation. Right ventric-
ular volume calculation was performed from the three-di-
mensional echocardiographic data sets using a computer
program developed specifically for this purpose. This pro-
gram uses a technique of numeric integration to calculate
the chamber volume . The basic principle is that of trape-
zoidal integration. If we could determine the cross-sectional
area of the right ventricle in equall y spaced parallel planes
that were sufficiently close together, we would be able to
multiply the area of each cross section by the distance be-
tween cross sections to calculate the total right ventricular
volume .
In our data sets, however, the original two-dimensional
scan planes are neither parallel nor equally spaced. For this
reason, the right ventricular borders identified in the original
imaged planes must first be mapped into a series of parallel
planes by finding the points at which the original border
contours intersect each of the parallel planes of reconstruc-
tion . The points of intersection with the planes of recon-
struction are then used to calculate the cross -sectional area
of the right ventricle in that plane , and these areas are finally
multiplied by the distance between the planes of reconstruc-
tion to find the right ventricular volume. None of the planes
of reconstruction need be imaged directly; in fact , when the
imaging planes are oriented perpendicular or at an obtuse
angle to the planes of reconstruction, the number of inter-
sections is maximized. No standard or particular imaging
plane is required, and incomplete borders can be used in
the calculations. Ideally, the imaged planes should inter-
rogate different parts of the ventricle, so that each will
contribute additional shape information. Further details of
the volume algorithm are presented in the Appendix.
Measurement of reference volume. The reference vol-
ume was determined by using a graduated cylinder to mea-
sure the volume of water required to fill the right ventricle
to the level of the tricuspid and pulmonary valves. This
measurement was repeated five times. The animal hearts
were measured to an accuracy of 1 ml; the human hearts
were measured to an accuracy of 0.5 ml, because of their
smaller size . In all cases three values were either identical
or within one unit of the measurement resolution , and that
value was used as the reference volume. All reference vol-
ume measurements were made after the two-dimensional
echocardiographic data were collected, but before the echo-
cardiographic right ventricular volumes had been calculated.
Statistics. The collection of more than one data set for
each heart allowed us to perform a more detailed analysis
of the variability of the method . The variation of repeated
volume measurements on the same heart could be compared
with the deviations of the mean volume for each heart from
the linear relation. This was done by performing analysis
of variance of the linear relation with replication (3). Sep-
arate analyses were carried out for the human and animal
data sets , and the slopes were compared (3). Regression
through the origin was performed, and testing the hypothesis
of zero intercept was done using an analysis of variance
between the standard and zero-intercept linear equations (4).
The strength of the linear correlation was tested by com-
paring each calculated volume against the reference volume
for the corresponding heart . The correlation coefficient and
linear regression equation were calculated in the standard
fashion (3). For all comparisons, differences were consid-
ered statistically significant if the probability (p) value was
less than 0.05 .
Results
Animal hearts. For the animal hearts, volumes calcu-
lated by three-dimensional echocardiography ranged from
24.8 to 144.0 ml, and right ventricular reference volumes
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Figure 4. The calculated volume by three-dimensional echocardi-
ography versus the reference volume by fluid capacity for the
human heart from patients with hypoplastic left heart (HLH) and
aortic stenosis (AS). Linear regression results in the equation:
Reference volume = 0.88 x calculated volume + 0.42 ml, with
a correlation coefficient of r = 0.97.
Discussion
These results show that the method presented here allows
accurate determination of right ventricular volume using
fluid capacity as a standard. The method does not depend
on the acquisition of any particular views or on any partic-
ular access window. It does not assume a particular right
ventricular shape, but instead uses all of the collected data
for the volume calculation. In the following sections, we
will compare the accuracy of this method with that of other
methods of right ventricular volume determination, evaluate
its potential advantages and finally consider possible clinical
applications and potential limitations.
Comparison with other methods. An important con-
sideration is how the current method compares with previous
methods of estimating right ventricular volume, both an-
giographic and echocardiographic. We can evaluate these
methods for accuracy, ease and safety. Most of the previ-
ously validated methods for right ventricular volume deter-
mination are based on angiography, and show good cor-
relation with actual volumes (5-12). Previously described
echocardiographic techniques also yield good results (13,14).
The current results compare favorably with all of these meth-
ods in terms of accuracy.
Potential advantages. In contrast to angiographic tech-
niques, the current method does not require injection of a
contrast agent or any invasive maneuvers; it is therefore
safe, likely to be well accepted by patients and easily re-
erence volume was 8.6 ml, and the mean calculated volume
was 9.3 ml. The linear regression equation for predicting
the reference volume from the calculated volume was VR
= 0.88 Vc + 0.42 ml (SEE = 1.2 ml).
Human versus animal data. Comparison of the slopes
of the regression lines showed the differences between the
animal and human data to be insignificant. Calculation of
the correlation coefficient between the average calculated
volume and the reference volume for each heart resulted in
higher values (r > 0.99 for both groups) than those of the
preceding comparison of individual calculated volumes,
suggesting that the variability of individual measurements
was a major part of the residual error. The analysis of
variance for the regressions showed the deviations from the
linear relation between measured and calculated volumes
for the human data to be insignificant, but the animal data
showed significant residual deviations from the linear re-
lation (p = 0.005).
The analysis of variance comparing the regression through
the origin with the standard regression line showed no sig-
nificant difference for either animal or human data. Because
it is reasonable to postulate intersection with the origin, the
regression lines through the origin were calculated for both
groups of data, resulting in Vr = 1.16 Vc for the animal
data, and Vr = 0.92 Vc for the human data.
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ranged from 30 to 166 ml. The mean value of the reference
volume was 92.6 ml, and the mean calculated volume was
83.6 ml; there was an excellent correlation between the two
methods (r = 0.98) (Fig. 3). The linear regression equation
for predicting the reference volume (Vr) from a given cal-
culated volume (Vc) was Vr = 1.35 Vc - 20.0 ml (SEE
= 8.7 ml).
Human hearts. The studies on human hearts likewise
showed an excellent correlation between calculated and
measured right ventricular volumes (r = 0.97) (Fig. 4).
The range of calculated and reference volumes was 5.8 to
19.1 ml and 5.0 to 16.0 ml, respectively. The mean ref-
100 150
Reference volume(ml)
Figure 3. The calculated volume by three-dimensional echocardi-
ography versus the reference volume by fluid capacity for the dog,
calf and cow hearts. Linear regression results in the relation: Ref-
erence volume = 1.35 x calculated volume - 20.0 ml, with a
correlation coefficient of r = 0.98.
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peated for follow-up studies. Any partialor complete images
of the right ventricle may contribute to the data set for the
volume calculation, with no constraint on the echocardio-
graphic window or orientation used. This is in contrast with
other echocardiographic methods that depend on obtaining
particular views, which may be difficult in a given patient.
This independence from fixed orientations should result in
greater reliability of the volume when the method is used
in less controlled clinical, as opposed to laboratory, appli-
cations. The data sets may be used for a three-dimensional
display to illustrate and clarify anatomic relations. In the
future, such data sets could potentially be used for three-
dimensional wall motion studies or for analysis of wall stress
relations.
Clinical applications. Although right ventricular vol-
ume is not measured routinely in clinical practice, there is
still evidence that it is a useful indicator of disease. Increased
right ventricular volume may be found in atrial septal defect,
total anomalous pulmonary venous return and tricuspid in-
sufficiency (7,8,15). In pulmonary stenosis, the right ven-
tricular ejection fraction may be increased, but volumes are
normal or low (8,15). The safety and repeatability of the
current method would lend itself to the study of many of
these diseases.
Limitations. For our system to be applied clinically,
methods must be developed for gated acquisition based on
the electrocardiogram. This has already been accomplished
to permit three-dimensional echocardiographic measure-
ment of left ventricular volume in the clinical setting (16).
A disadvantage of the technique is the need to assume that
the heart does not move from beat to beat during data ac-
quisition. We also require that respiration be suspended in
a standardized way to limit respiratory changes in cardiac
position and volume.
Additional concerns regarding clinical use include the
specialized hardware and the time required to identify the
borders manually. Automated endocardial border definition
would greatly reduce the latter, while the falling prices of
electronics hardware could minimize the expense of the
former.
Conclusions. This technique allows the determination
of right ventricular volume with an accuracy comparable
with that of angiographic methods, but without catheteriza-
tion, injections or exposure to ionizing radiation. In contrast
to echocardiographic techniques reported previously, the
current method allows the use of arbitrarily oriented images
of the right ventricle, even if the endocardial border is in-
complete. The data sets acquired as an intermediate step
also allow a three-dimensional perspective display of right
ventricular size and shape. Future developments in echo-
cardiographic equipment should allow rapid and semi-au-
tomated acquisition of three-dimensional data, allowing ac-
curate noninvasivedetermination of right ventricularvolume
in the clinical setting.
Appendix
Theactual conversion of three-dimensional points into a volume
estimate proceeds in several discrete steps, each of which uses
various mathematic techniques. These steps are: I) reconstruction
into equally spaced planes, 2) area estimation, and 3) volume
integration.
Reconstruction into equally spaced planes. The three-di-
mensional data are stored in a text file as an ordered set of x,y
and z coordinates, asoutput by theborder digitizing system. Each
actual border consists of a beginning point,a sequence of inter-
mediate points and an end point. Eight to II such borders were
collected foreach volume estimation. These numbers were chosen
on the basis of previous studies on right ventricular spatial fre-
quency and an estimate of the errorintroduced by undersampling
(17). Those studies suggested that at least 12 to 16
points/reconstructed cross section were needed to ensure an error
of less than 5% in the area estimate as a result of undersampling.
The volume integration procedure requires that we estimate
area in equally spaced, parallel planes. Because theright ventricle
is originally imaged in multiple , arbitrarily oriented two-dimen-
sional echocardiographic planes, we must reconstruct these data
into a set of border points in a series of equally spaced parallel
planes. These reconstructed border points were derived by linear
interpolation between existing border points ontheimaging planes,
to find the intersection with the planes of reconstruction (Fig. 5).
These reconstruction planes were oriented approximately parallel
to the long axis of the heart , and roughly perpendicular to the
midportion oftheseptum. Oneofthese reconstructed planes, there-
fore, is similar to a fourchamber view. In the current study, the
orientation of the reconstruction planes was chosen by the exper-
imenter.
The number of such reconstruction planes, although arbitrary ,
can influence the overall accuracy of the volume estimate. To
define the optimal number of planes needed, the number of re-
construction planes was varied from IO to 40 in increments of 10
for both the human andanimal data sets. The span of the data set
Figure5. The intersection between anendocardial border through
the right ventricle, as identified in the sector scan image (dashed
line) , and parallel reconstruction planes (solid line). Intersection
points are marked (dots).
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perpendicular to the planes of reconstruction defined the limits of
integration, and was divided by the number of planes to find the
distance between planes. In both the animal and human data, we
noted a deterioration in the correlation coefficient at the extremes
(10 and 40). The results reported all used 30 planes of reconstruc-
tion.
Area estimation. The border points in each plane of recon-
struction are not necessarily ordered in the correct sequence, and
therefore were sorted on the basis of angle when expressed in polar
coordinates. This conversion requires a choice of origin, and on
the basis of previous studies (18), we chose the centroid. We then
expressed each point as an angle and distance in relation to the
origin as follows:
Distance (r;)
= Vex; - x origin)? + (y;- Yorigin)?
Angle (0;)
= arctangent ([y; - y origin l/[x; - x origin D.
The area estimate was then calculated as the area of an equiv-
alent circle with a radius equal to the weighted mean radius. This
is calculated by the following equation:
Area = 2'Tl'(L(fi+l + fi)(Oi+l-O;)/4'Tl'f.
The result was corrected using empirically derived regression
equations (18). Other methods of calculating the area may be used,
but this one was found to be the most robust (18).
Volume integration. We now had a series of area estimates
that were equally spaced. To convert this to a volume, we per-
formed a numeric integration. This was a standard problem in
numeric integration in two dimensions, because we had unidi-
mensional quantities that were equally spaced. The techniques
commonly used to do this are the rectangular rule, trapezoidal rule
and Simpson's (parabolic) rule. For simplicity, the rectangular rule
was chosen (for this problem, the rectangular and the trapezoidal
rules are equivalent in result). The rule can be applied with a linear
interpolation between areas, or a linear interpolation between the
square roots of the areas, which is proportional to the linear di-
mensions. Both methods were tested and had similar results, so
the former was chosen for simplicity. The resulting equation, for
areas (A) I to k, and the distance between planes of reconstruction
(D), was the following:
Volume = L DAj •
An additional issue is how to deal with planes containing few
or no points. If there are no points in a plane of reconstruction in
the center of the ventricle, the most reasonable assumption is that
we failed to sample adequately, rather than that the cross-sectional
area is zero at that point. We can make up for this by interpolating
between adjacent area estimates. If we have few points in a given
plane, the resulting area estimate may be so biased as to be mis-
leading, and again we would be better off treating that plane as if
it contained no points. There will also be an interaction between
the number of planes of reconstruction and the minimal number
of points, because more planes may result in a greater number of
planes with few points. For this reason, these two factors were
varied independently, and tested for interaction. All of the volume
calculations were done with 10, 20, 30 and 40 planes of recon-
struction, and the minimal number of points for area estimation
was set at 3, 4, 5 and 6. With both the animal and human data
sets, the correlation coefficient was maximal using the combination
of 30 planes of reconstruction and five points/plane as a minimum:
therefore, these were the values used for all further analyses.
Tracing the endocardial borders is the most time-consuming
task, requiring about 30 minutes of operator time. The creation of
a three-dimensional perspective display and calculation of the vol-
ume on the minicomputer were each completed in less than 5
seconds.
We thank George Lighty, MD, PhD for the pressure distension apparatus,
and Lore Tenckhoff, MD for the human pathologic specimens and the
double contrast radiographs.
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